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1
APPARATUS AND A METHOD

TECHNOLOGICAL FIELD

Embodiments of the present invention relate to an appara-
tus and a method. In particular, they relate to an apparatus for
determining one or more quantitative parameters for a chan-
nel.

BACKGROUND

It is known to measure a parameter of a channel by passing
a probe signal through the channel and measure a parameter
of the probe signal.

This technique is, however, sensitive to fluctuations in the
probe signal, the correlation between the parameter of the
probe signal and the parameter of the channel and the ability
to accurately measure the parameter of the probe signal.

BRIEF SUMMARY

According to various, but not necessarily all, embodiments
of the invention there is provided an apparatus comprising:
addition circuitry configured to receive a probe signal that has
passed through a channel having a complex transmission and
a reference signal and configured to produce at least: a plu-
rality of weighted additions comprising an addition of the
probe signal and the reference signal with different relative
phase rotations applied before addition between the probe
signal and the reference signal and processing circuitry con-
figured to use at least two of the plurality of weighted addi-
tions to determine a first quantitative parameter for the chan-
nel dependent upon the complex transmission for the channel.

According to various, but not necessarily all, embodiments
of the invention there is provided a method comprising:
receiving a probe signal that has passed through a channel
having a complex transmission; receiving a reference signal;
combining the probe signal and the reference signal, after
applying a first phase rotation between the probe signal and
the reference signal, to produce a first resultant signal; com-
bining the probe signal and the reference signal, after apply-
ing a second phase rotation between the probe signal and the
reference signal, to produce a second resultant signal; and
using at least the first resultant signal and the second resultant
signal to determine a first quantitative parameter for the chan-
nel dependent upon the complex transmission for the channel.

According to various, but not necessarily all, embodiments
of the invention there is provided an apparatus comprising:
addition circuitry configured to receive a probe signal that has
passed through a channel having a complex transmission and
a reference signal and configured to produce at least: a plu-
rality of weighted additions comprising an addition of the
probe signal and the reference signal, wherein a differential
complex weighting is applied before addition to one of the
probe signal and the reference signal but not to the other of the
probe signal and the reference signal, and wherein each of the
plurality of weighted additions uses a different differential
complex weighting; and processing circuitry configured to
use at least two of the plurality of weighted additions to
determine a first quantitative parameter for the channel
dependent upon the complex transmission for the channel.

BRIEF DESCRIPTION

For a better understanding of various examples of embodi-
ments of the present invention reference will now be made by
way of example only to the accompanying drawings in which:
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2

FIG. 1 illustrates an apparatus for determining one or more
quantitative parameters dependent upon a complex transmis-
sion of a channel;

FIG. 2 illustrates an example of an apparatus that detects
and measures additional signals;

FIG. 3 illustrates a method that may be performed by
processing circuitry;

FIGS. 4A and 4B illustrate an example of (the same) addi-
tion circuitry used with different detection circuitry;

FIGS. 5A and 5B illustrate different examples of detectors
suitable for use in the detection circuitry;

FIGS. 6A and 6B illustrate different examples of the addi-
tion circuitry;

FIG. 7 illustrates an example of a channel having a com-
plex transmission;

FIG. 8 illustrates an example of an apparatus in which
selection circuitry is configured to select which of a plurality
of parallel channels is selected for probing by the probe
signal; and

FIG. 9 illustrates an example of a method;

DETAILED DESCRIPTION

The Figures illustrate an apparatus 2 comprising: addition
circuitry 4 configured to receive a probe signal 10 that has
passed through a channel 30 having a complex transmission
and a reference signal 20 and configured to produce at least:
a plurality of weighted additions 40 comprising an addition
42 of the probe signal 10 and the reference signal 20 with
different relative phase rotations applied before addition
between the probe signal 10 and the reference signal 20; and
processing circuitry 6 configured to use at least two of the
plurality of weighted additions 40 to determine a first quan-
titative parameter for the channel 30 dependent upon the
complex transmission for the channel.

FIG. 1 illustrates an apparatus 2 for determining one or
more quantitative parameters dependent upon a complex
transmission of a channel 30. The apparatus 2 may therefore
be used in a system that measures the complex transmission
of'the channel 30 or measures changes in the complex trans-
mission of the channel 30.

Particular changes to the complex transmission of the
channel 30 may occur because of particular events and the
apparatus 2 may be configured to detect those particular
events by detecting those particular changes to the complex
transmission of the channel 30.

Transmission may be quantified using a transmission coef-
ficient T that represents the amplitude (IT1) and phase rela-
tionship (¢) between an amplitude Ai of an electromagnetic
wave input into the channel 30 and an amplitude Ao of the
electromagnetic wave that is consequentially output from the
channel 30.

T=ITexp(i¢)=Ao/Ai

Addition circuitry 4 is configured to receive simulta-
neously the probe signal 10 and also a reference signal 20.

In some but not necessarily all embodiments, the addition
circuitry 4 divides the probe signal 10 into equal parts and the
reference signal 20 into equal parts.

Each of the parts of the reference signal 20 has a corre-
sponding associated part of the probe signal 10

The addition circuitry 4 applies a different relative phase
rotation 44 between the corresponding parts of the probe
signal 10 and the reference signal 20.

In the example of FIG. 1, a different phase rotation is
illustrated as being applied to each of the different parts of the
probe signal 10 (with no phase rotation being applied to the
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reference signal 20). However, this is only illustrative abso-
lute phase rotations may be applied to only the parts of the
probe signal 10, only the parts of the reference signal 20 or to
both the parts of the probe signal 10 and the parts of the
reference signal 20. However, the relative phase difference
applied between the parts of the probe signal 10 and the
corresponding parts of references signal 20 is different for
each part.

The addition circuitry 4, in the particular illustrated
example, applies to each part of the probe signal 10 a difter-
ential complex weighting 44 to form a weighted probe signal
45.

In this example the differential complex weightings 44
applied to the parts of the probe signal 10 are represented as
differential (rather than absolute) weightings. That is they
represent a phase difference (rotation) applied between a part
of the probe signal 10 and the corresponding part of the
reference signal 20. As a consequence no differential weight-
ings are illustrated as applied to the parts of the reference
signal 20.

The addition circuitry 4 adds each of the weighted probe
signals 45 of the probe signal 10 to its corresponding part of
the reference signal 20 to create a plurality of weighted addi-
tions in the form of resultant signals 40.

Each resultant signal 40 is a weighted addition comprising
an addition 42 of the probe signal 10 and the reference signal
20, where a differential complex weighting 44 is applied
before addition to one of the probe signal 10 and the reference
signal 20 but not to the other of the probe signal 10 and the
reference signal 20. Each of the plurality of weighted addi-
tions 40 uses a different differential complex weighting 44.

Detection circuitry 8 detects the resultant signals 40 and, in
this example, provides intensity values of the resultant signals
to the processing circuitry 6.

The processing circuitry 6 is configured to use at least two
of the detected plurality of weighted additions 40 to deter-
mine a first quantitative parameter for the channel 30 depen-
dent upon the complex transmission T of the channel 30.

It is important to note that each of the plurality of weighted
additions 40 comprises an addition, differently weighted, of
the same probe signal 10 and the same reference signal 20 and
that those probe signal 10 and reference signal 20 are con-
temporaneously (simultaneously) detected.

The differential complex weighting 44 introduces a phase
difference (rotation). It may, for example, introduce only a
phase difference and no significant amplitude change. Alter-
natively it may additionally introduce a known amplitude
change.

FIG. 2 illustrates an example of the apparatus 2 that detects
and measures additional signals. A source 3 produces a signal
5. The source 3 is, in this example, a fixed wavelength elec-
tromagnetic wave source. In some but not necessarily all
examples, the source 3 may also be a low intensity optical
source.

The signal 5 is divided into a first probe signal 12 and a first
reference signal 22. The ratio of division, in the example, is
50:50.

The first probe signal 12 passes through the channel 30.
After it has passed through the channel 30 the signal has a
value s.

The first probe signal 12 is then divided into the probe
signal 10 and a second probe signal 14. The ratio of division,
in the example, is (1-cy): ¢ by intensity.

The intensity of the second probe signal 14 therefore has a
value cg-IsI®. The intensity of the probe signal 10 therefore
has a value (1—-cz)-IsI>.
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4

The second probe signal 14 is provided to the detection
circuitry 8, where the intensity of the second probe signal 14
is detected. The detected intensity S has a value equal to
cz'IsI?. The value S is provided to the processing circuitry 6,
where

S=cg:lsP=cglrI?IT? Equation 1

The first reference signal 22 does not pass through the
channel 30. It has a value r.

The first reference signal 22 is then divided into the refer-
ence signal 20 and a second reference signal 24. The ratio of
division, in the example, is (1-cy): ¢z by intensity. The inten-
sity of the second probe signal 24 therefore has a value ¢l

The second reference signal 24 is provided to the detection
circuitry 8, where the intensity of the second reference signal
24 is detected. The detected intensity R has a value equal to
cz-Ir1?. The value R is provided to the processing circuitry 6,
where

R=cg:lri? Equation 2

The probe signal 10 and the reference signal 20 are both
provided to addition circuitry 4, as described in relation to
FIG. 1.

The addition circuitry 4 produces a plurality of weighted
additions in the form of resultant signals 40. Each resultant
signal is a weighted addition comprising an addition of the
probe signal 10 and the reference signal 20, where a differ-
ential complex weighting is applied before addition to one of
the probe signal 10 and the reference signal 20 but not to the
other of the probe signal 10 and the reference signal 20. Each
of the plurality of weighted additions 40 uses a different
differential complex weighting 44.

FIGS. 4A and 4B illustrate an example of (the same) addi-
tion circuitry 4 used with different detection circuitry 8.

In this example of the addition circuitry 4, the complex
differential weightings 44 applied to each of the parts of the
probe signal 10 are relative rotations in the complex plane of
m-x2 wheremis 0, 1, 2, 3.

A first complex differential weighting of 1 (unity) is applied
to a first part of the probe signal 10 to produce a first weighted
probe signal 45. The first weighted probe signal 45 (s) is
added to the corresponding part 41 (r) of the reference signal
20 to produce as a first resultant signal 40 a first weighted
addition (r+s). This is equivalent to an in-phase addition of the
probe signal 10 and the reference signal 20.

A second complex differential weighting of 1 is applied to
a second part of the probe signal 10 to produce a second
weighted probe signal 45 (is). The second complex differen-
tial weighting introduces a phase difference (rotation) of 7/2
relative to the first complex differential weighting. The sec-
ond weighted probe signal 45 (is) is added to the correspond-
ing part 41 (r) of the reference signal 20 to produce as a second
resultant signal 40 a second weighted addition (r+is).

A third complex differential weighting of -1 is applied to a
third part of the probe signal 10 to produce a third weighted
probe signal 45 (=s). This third complex differential weight-
ing introduces a phase difference (rotation) of m relative to the
first complex differential weighting. The third weighted
probe signal 45 (-s) is added to the corresponding part 41 (r)
of'the reference signal 20 to produce as a third resultant signal
40 a third addition (r-s).

A fourth complex differential weighting of —i is applied to
a fourth part of the probe signal 10 to produce a fourth
weighted probe signal 45 (-is). This fourth complex differ-
ential weighting introduces a phase difference (rotation) of
37/2 relative to the first complex differential weighting. The
fourth weighted probe signal 45 (~is) is added to the corre-
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sponding part 41 (r) of the reference signal 20 to produce as a
fourth resultant signal 40 a fourth addition (r-is).
In FIG. 4A, a detector 80 is used to detect an intensity X+
of'the first resultant signal 40 and provide it to the processing
circuitry 6, where

Xa=Va(l-cp)lr+s?

A further detector 80 is used to detect an intensity Y+ of the
second resultant signal 40 and provide it to the processing
circuitry 6, where

Equation 3A

Ya=Ya(1-cg)lr+is?

Another detector 80 is used to detect an intensity X- of the
third resultant signal and provide it to the processing circuitry
6, where

Equation 3B

X-=Va(l-cp)lr-s?

A further detector 80 is used to detect an intensity Y- of the
fourth resultant signal and provide it to the processing cir-
cuitry 6, where

Equation 3C

Y-=Ya(1-cg)lr—isl? Equation 3D

FIG. 5A illustrates an example of a detector 80 suitable for
use in the detection circuitry 8 of FIG. 4A. The detector 80
comprises a reverse biased photo-diode 84.

In FIG. 4B, a balanced detector 82 is used to detect a
difference X between the intensity X+ of the first resultant
signal 40 and the intensity X- of the third resultant signal 40.
It provides the difference X to the processing circuitry 6,
where

X=X+-X- Equation 5A

= VAL = cp)(r + s = [r = s*)
=(1—-cg)-Re(r-s)

=121 - cg)-Re(T)

A balanced detector 82 is used to detect a difference Y
between the intensity Y + of the second resultant signal 40 and
the intensity Y- of the fourth resultant signal 40. It provides
the difference Y to the processing circuitry 6, where

Y=Y+-Y- Equation 5B

= VAL —cp)(r+is]® = |r—is]?)
=(1-cg)-Im(r-s)

=21 —cgp)-Im(T)

FIG. 5B illustrates an example of a balanced detector 82
suitable for use in the detection circuitry 8 of FIG. 4B. The
detector 82 comprises a reverse biased photo-diode detector
84 connected in electrical parallel to a forward biased photo-
diode detector 84. The reverse biased photo-diode 84 pro-
vides an output current I, and the forward biased photo-diode
84 provides an output current of -1,. These individual output
currents are added to produce as an output from the balanced
detector 82 the current I,-1,.

Referring back to FIG. 4B, the first balanced detector 82
may comprise a photo-diode detector 84 configured to detect
a first intensity X+ of a signal 40 corresponding to the first
weighted addition and a photo-diode detector 84 configured
to detect a third intensity X - ofthe signal 40 corresponding to
the third weighted addition. The first balanced detector 82 is
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6

configured to provide as a first input to the processing cir-
cuitry 6 a difference X between the first intensity X+ and the
third intensity X-.

The second balanced detector 82 may comprise a photo-
diode detector 84 configured to detect a second intensity Y+
of'ansignal 40 corresponding to the second weighted addition
and a photo-diode detector 84 configured to detect a fourth
intensity Y- of an signal 40 corresponding to the fourth
weighted addition. The second balanced detector 82 is con-
figured to provide as a second input to the processing circuitry
6 a difference Y between the second intensity Y+ and the
fourth intensity Y-.

The use of balanced detectors can reject common noise
introduced by the detectors.

Referring back to FIGS. 1 and 2, the processing circuitry 6
is configured to use at least two of the intensities of the
resultant signals (weighted additions) 40 and at least one
further signal to determine quantitatively one or more of: a
phase of the complex transmission; the complex transmis-
sion; mean of the squared transmission; square of the mean
transmission; variance of the transmission; and a complex
refractive index of the channel.

Ifthe processing circuitry 6 is configured to use only two of
the intensities of the resultant signals 40, then the two result-
ant signals should not be in phase or anti-phase, that is, there
should be complex differential weighting, with a non-zero
imaginary component, applied to the probe signals of the two
resultant signals. The differential weighting may, for
example, correspond to a relative phase rotation of (2n+1)m/2
wherenis 0, 1, 2, 3.

The complex transmission coefficient T of the channel 30
may be defined as:

T=ITlexp(ip) Equation 6

When the source amplitude r(t) fluctuates, the measure-
ments are actually averages over the detection time. For the
embodiment of FIG. 4B, using Equations 1 and 2,
(<S>/<R>)va=cx<Ir(t)|*>|TI*>>=|T| where < > indicates an
average or integration. The term <Ir(t)|*> is the same for <S>
and <R> only when the measurements are simultaneous.

Therefore I'TI may be determined from the ratio of the
intensity S of the second probe signal 14 and the intensity R
of the simultaneous second reference signal 24.

Using Equations SA, 5B and 6, ¢=arctan (<X>/<Y>).

Therefore ¢ may be determined from the ratio where the
numerator is the difference X between the intensity X+ of'the
first resultant signal 40 and the intensity X- of the third
resultant signal 40 and the denominator is the difference Y
between the intensity Y+ of the second resultant signal 40 and
the intensity Y- of the fourth resultant signal 40.

Using Equations 5A, 5B and 2, T=(<X>/<R>+
I<Y>/<R>)chp/(1-cp).

Therefore T may be determined from the difference X
between the intensity X+ of the first resultant signal 40 and
the intensity X - of the third resultant signal 40, the difference
Y between the intensity Y+ of the second resultant signal 40
and the intensity Y- of the fourth resultant signal 40 and the
parameter cz. This parameter may be fixed and known.

Using Equations 5A, 5B and 2, ITI?=(<X>?4+<Y>?)-[c,/
(<R>(1-cx))]”.

Therefore ITI> may be determined from the difference X
between the intensity X+ of the first resultant signal 40 and
the intensity X - of the third resultant signal 40, the difference
Y between the intensity Y+ of the second resultant signal 40
and the intensity Y- of the fourth resultant signal 40, the
parameter ¢ and the intensity R of the second reference
signal 24.
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Therefore from |TI? and T, the variance o of the transmis-
sion coefficient T may be determined: o®=<T*>-<T>2,

For the embodiment of FIG. 4A, using Equation 1 and 2,
ITI=(<S>/<R>)".

Therefore ITI may be determined from the ratio of the
intensity S of the second probe signal 14 and the intensity R
of the second reference signal 24.

Using Equations SA, 5B and 6, ¢=arctan (<X>/<Y>).

Therefore ITI may be determined from the ratio of the
difference X between the intensity X+ of the first resultant
signal and the intensity X- ofthe third resultant signal and the
difference Y between the intensity Y+ of the second resultant
signal and the intensity Y- of the fourth resultant signal.

It is also possible to determine quantitative parameters
without using both S and R and without using all of the
intensities of the resultant signals 40 (X+, Y+, X-,Y-)

For example, referring to FIG. 4B and FIG. 2, the process-
ing circuitry 6 may receive R, X and'Y but not S.

It is possible to determine p=arctan (<X>/<Y>).

It is possible to use Equations 5A, 5B and 2 to determine T

T=(<X>/<R>+i<Y>/<R>)-cg/(1-cg)

It is possible to use Equations SA, 5B and 2 to determine
ITI?

ITP=(<X>?+<Y>?)[cp/ (<R>(1-cp)]?

It is possible to use IT1> and T to determine the variance of
the transmission coefficient o?=<T*>-<T>>

For example, referring to FIG. 4A and FIG. 2, the process-
ing circuitry 6 may receive R, X+ andY+and S butnot X-and
Y-.

It is noteworthy that the intensity of the resultant signals 40
used are a pair of orthogonal resultant signals i.e. X+ and Y+,
or X+ and Y-, or X- and Y- or X- and Y+. The differential
weightings of the pulse signals between the pairs correspond
to a phase rotation of (2n+1)7/2 where n is a whole number.

It is possible to use Equations 3A and 3B, 6, 1 and 2 to
determine

¢=arctan(<X>+/(1—cg)-(<R>+<5>)/cg)/—(<R>-
<§>)cp—<¥Y>+/1-cg))

It is possible to use Equations 1 and 2 to determine
ITI=(<S>/<R>)1s

FIG. 3 illustrates a method that may be performed by the
processing circuitry 6 in some but not necessarily all
examples.

Where fluctuations of the refractive index n of the channel
30 are small compared to fluctuations of a wavelength of the
source 3, one can use the measured values of <T>and <|T?|>
to obtain the refractive index. If one assumes a theoretical
transmission T(h,+AA, m) and a source frequency distribution
L(AM), then:

<Re(T)>=Re(T)*L
<Im(D)>=Im(T)*L

<|TP>=|TP*L

where * is the convolution.

The value of Ak and the complex value of ) can be worked
out by using them as fitting parameters in the three equations
above to match the measurements.

FIG. 6A illustrates an example of the addition circuitry 4
which is configured to cross-couple the probe signal 10 and
the reference signal 20 using a plurality of directional cou-
plers 90 and at least one phase shifter 92.

10

15

20

25

30

35

40

45

50

55

60

65

8

FIG. 6B illustrates an example of the addition circuitry 4
which is configured to cross-couple the probe signal 10 and
the reference signal 20 using a 4x4 multi-mode interferom-
eter (MMI).

Inthe implementations of the examples illustrated in FIGS.
6A and 6B, the probe signal 10 and the reference signal 20 are
interchangeable as the addition circuitry introduces different
relative phase rotations between the probe signal 10 and the
reference signal 20 before addition.

FIG. 7 illustrates an example of a channel 30 having a
complex transmission. This channel 30 comprises a photonic
microring resonator 100.

The microring resonator 100 comprises a ring waveguide
102 coupled with an input/output waveguide 104. Resonance
occurs when the phase added by a circuit of the ring
waveguide 102 is equal to +/-2nm, where n is a natural num-
ber(1,2...).

The Q-factor of the microring resonator (a measure of its
ability to store energy) may be controlled by adjusting the
coupling between the ring waveguide 102 and the input/
output waveguide 104, for example, by changing the distance
between them.

A microring resonator 100 may be configured to have a
complex transmission dependent upon a bulk change of the
apparatus 2. That is a change that affects the bulk of the
apparatus.

For example, if the pervasive ambient environment (e.g.
temperature, electric field, magnetic field) of the apparatus 2
changes then the microring resonator 100 may be configured
to have a corresponding change in complex transmission.

For example, if the apparatus 2 is strained by flexing then
the microring resonator 100 may be configured to have a
corresponding change in complex transmission.

A microring resonator 100 may be configured to have a
complex transmission dependent upon a surface change of the
apparatus 2.

For example, if the exterior ambient environment (e.g.
atmosphere) of the apparatus 2 changes then the microring
resonator 100 may be configured to have a corresponding
change in complex transmission.

A microring resonator 100 may be configured to have a
complex transmission that is dependent upon one of tempera-
ture, pH, humidity, strain, displacement, rotation, electric
field, magnetic field, chemical species, bio-chemical etc.

FIG. 8 illustrates an example of an apparatus 2 in which
selection circuitry 120 is configured to select which of a
plurality of parallel channels 30 is selected for probing by the
probe signal 10.

Each of the channels 30 comprises a different photonic
microring resonator 100 that has a different characteristic.
For example, each photonic microring resonator 100 may
have a different resonant frequency. For example, each pho-
tonic microring resonator 100 may have a different Q-factor.

The selection circuitry 120, in this example, comprises an
input switch array 110 and an output switch array 112 con-
trolled by controller 114.

The input probe signal 10 is directed by the input switch
array 110 towards a single one of the plurality of parallel
channels 30. The probe signal 10 after passing through the
selected channel 30 is directed by the output switch array 112
to a measurement device comprising the addition circuitry 4
and the detection circuitry 8.

The input switch array 110 comprises a ring filter 116
associated with each channel 30. The ring filters 116 have
different resonances. A ring filter can be controlled by con-
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troller 114 to selectively resonate and couple the probe signal
10 to a waveguide that provides the light through a particular
associated channel 30.

The output switch array 112 comprises a ring filter 116
associated with each channel 30. The ring filters 116 have
different resonances. A ring filter can be controlled by con-
troller 114 to selectively resonate and out-couple the probe
signal 10 from the waveguide that provides the light through
the associated channel 30.

The resonance of a ring filter can be tuned using current
controlled phase shifters 118.

The ring filters 116 at the input switch array 110 and the
output switch array 112 associated with a particular channel
30 are paired so that they have the same resonance.

Thus the selection of which pair of ring filters is in reso-
nance (i.e. which channel 30 is selected) is determined by the
value of the current intensity provided by the controller 114.

If the plurality of photonic microring resonators 100 in the
different parallel channels 30 have different resonant fre-
quencies, then the controller 114 may be used to select the
channel 30 that comprises the photonic microring resonator
100 that is closest to resonance.

If the plurality of photonic microring resonators 100 in the
different parallel channels 30 have different Q-values, then
the controller 114 may be used to select the channel 30 that
comprises the photonic microring resonator 100 that has the
highest Q-value and that is still in resonance.

The above described examples of the apparatus 2 may have
a number of advantages.

For example, the addition circuitry 4 and the processing
circuitry 6 may be integrated onto a chip with the light source
3, couplers, at least one microring resonator 100, and detec-
tion circuitry 8 (as illustrated in FIG. 2). The apparatus 2 may
be a module. As used here ‘module’ refers to a unit or appa-
ratus that excludes certain parts/components that would be
added by an end manufacturer or a user.

The simultaneous measurement of different combinations
of'a probe signal 10 and reference signal 20 where different
phase differences are induced between the probe and the
reference allows rejection of random (but equal for each
measurement) noise terms. This enables the use of cheap
non-stabilized/noisy sources and fluctuations of the sources

Thus the use of the addition circuitry 4 may make the
apparatus 2 insensitive to intensity and wavelength fluctua-
tions of the source 3. This may allow longer integration times
at detection circuitry 8, which in turn may allow the use of a
lower intensity source 3, such as a low power laser.

The use of balanced detectors 82 enables the complex
value of T to be calculated with immunity from variations in
the source 3 (¢p=arctan (<X>/<Y>)).

The simultaneous measurement of S and R provides an
absolute value of the transmission coefficient that is immune
from variations in the source.

The apparatus 2 is configured to quantify a phase change
(refractive index) and amplitude change (absorption) algebra-
ically and, potentially, over a larger dynamic range. It can
provide source independence and can enable the use of lower
intensity sources.

The lower limit for the power may be few times the Noise
Equivalent Power (NEP) of the detectors integrated over the
detection bandwidth (inverse of the integration time).

FIG. 9 illustrates an example of a method 200 that illus-
trates the process previously described with reference to
apparatus 2.
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The method 200 comprises: at block 202 receiving a probe
signal 10 that has passed through a channel 30 having a
complex transmission; and at block 204 receiving a reference
signal 20.

Then, at block 206A, applying a first phase modulation
(complex differential weighting) 44 to the received probe
signal 10 and at block 208 A combining the modulated probe
signal 45 and the reference signal 20, to produce a first result-
ant signal 40.

Additionally, at block 206B applying a second phase
modulation (complex differential weighting) 44 to the
received probe signal 10 and at block 208B combining the
modulated probe signal 45 and the reference signal 20, to
produce a second resultant signal 40.

The blocks of applying a phase modulation (complex dif-
ferential weighting) 44 to the received probe signal 10 (block
206) and combining the modulated probe signal 45 and the
reference signal 20, to produce a resultant signal 40 (block
208) may be repeated for additional different phase modula-
tions 44 as previously described.

At block 210, using the resultant signals 40 to determine
one or more quantitative parameters dependent upon the com-
plex transmission for the channel 30.

Although embodiments of the present invention have been
described in the preceding paragraphs with reference to vari-
ous examples, it should be appreciated that modifications to
the examples given can be made without departing from the
scope of the invention as claimed.

In some but not necessarily all embodiments, the source 3
is an optical source, the channel 30 is an optical channel, the
probe signal 10 is an optical signal, the reference signal 20 is
an optical signal, the addition circuitry 4 is optical circuitry
and the detectors 8 are optical detectors. However, in other
embodiments alternative electromagnetic signals may be
used instead of optical signals and appropriate channel 30,
addition circuitry 4 and detection circuitry 8 would then be
used.

‘Optical’ is used to mean an electromagnetic spectrum that
is between 300 nm and 1400 nm.

The optical spectrum includes within it the visible spec-
trum (390 nm-750 nm) and the near infra red spectrum (750
nm-3000 nm).

An optical source 3 may operate at any wavelength or
wavelengths within the optical spectrum (300 nm-3000 nm).

An optical source 3 may be a visible light source and
operate at any wavelength or wavelengths within the visible
spectrum (390 nm-750 nm).

An optical source 3 may be a infra red (IR) light source and
operate at any wavelength or wavelengths within the near
infrared spectrum (750 nm-3000 nm).

An example of a channel 30 has been described with ref-
erence to FIG. 7 and also FIG. 8. However, the channel 30
may be, for example, bulk materials, liquid, gas, waveguides
including fiber, thin films or any sort of resonator. It could also
be used to measure the transmission of one polarization of
light compared to the other by using a polarization beam
splitter and using one polarization as the reference signal 20
the perpendicular one as the probe signal 10.

Features described in the preceding description may be
used in combinations other than the combinations explicitly
described.

Although functions have been described with reference to
certain features, those functions may be performable by other
features whether described or not.

Although features have been described with reference to
certain embodiments, those features may also be present in
other embodiments whether described or not.
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Whilst endeavoring in the foregoing specification to draw
attention to those features of the invention believed to be of
particular importance it should be understood that the Appli-
cant claims protection in respect of any patentable feature or
combination of features hereinbefore referred to and/or
shown in the drawings whether or not particular emphasis has
been placed thereon.

We claim:

1. An apparatus comprising:

addition circuitry configured to receive a probe signal that
has passed through a channel having a complex trans-
mission and a reference signal and configured to pro-
duce at least: a plurality of weighted additions compris-
ing an addition of the probe signal and the reference
signal with different relative phase rotations applied
before addition between the probe signal and the refer-
ence signal, wherein each of the plurality of weighted
additions comprises an addition, differently weighted,
of the same probe signal and the same reference signal
wherein the probe signal and the reference signal are
contemporaneous; and

processing circuitry configured to use at least two of the
plurality of weighted additions to determine a first quan-
titative parameter for the channel dependent upon the
complex transmission for the channel.

2. The apparatus of claim 1, wherein the different relative

phase rotations is (2n+1)m/2 where n is a whole number.

3. The apparatus of claim 1, wherein

a first addition, of the plurality of weighted additions, is
equivalent to an addition of the probe signal and the
reference signal with a first phase rotation induced
between the probe signal and the reference signal before
addition;

a second addition, of the plurality of weighted additions, is
equivalent to an addition of the probe signal and the
reference signal with a second phase rotation induced
between the probe signal and the reference signal before
addition;

a third addition, of the plurality of weighted additions, is
equivalent to an addition of the probe signal and the
reference signal with a third phase rotation induced
between the probe signal and the reference signal before
addition;

a fourth addition, of the plurality of weighted additions, is
equivalent to an addition of the probe signal and the
reference signal with a fourth phase rotation induced
between the probe signal and the reference signal before
addition,

wherein the relative difference between the first phase rota-
tion and each of the second, third and fourth phase
rotations is 7/2, 5 and 37/2.

4. The apparatus of claim 3, further comprising a first
balanced detector comprising a detector configured to detect
a first intensity of a signal corresponding to the first addition
and a detector configured to detect a third intensity of a signal
corresponding to the third addition and a second balanced
detector comprising a detector configured to detect a second
intensity of a signal corresponding to the second addition and
a detector configured to detect a fourth intensity of a signal
corresponding to the fourth addition, wherein the first bal-
anced detector is configured to provide as a first input to the
processing circuitry a difference between the first intensity
and the third intensity and the second balanced detector is
configured to provide as a second input to the processing
circuitry a difference between the second intensity and the
fourth intensity.
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5. The apparatus of claim 4, wherein the processing cir-
cuitry is configured to determine transmission phase using the
first input and the second input.

6. The apparatus of claim 1, wherein the processing cir-
cuitry is configured to use a measured intensity of a second
reference signal produced from a first reference signal that is
divided to produce the reference signal and the second refer-
ence signal.

7. The apparatus of claim 1, wherein a first probe signal is
divided to produce the probe signal and a second probe signal
and wherein the processing circuitry is configured to use the
second probe signal to determine a transmission amplitude
for the channel dependent upon the complex transmission for
the channel.

8. The apparatus of claim 1, wherein the reference signal
and probe signal originate from the same source.

9. The apparatus of claim 8, wherein the source is a fixed
wavelength source.

10. The apparatus of claim 1, wherein the addition circuitry
is optical circuitry, the channel is an optical channel and the
probe signal and the reference signal are optical signals.

11. The apparatus of claim 1, wherein the channel having a
complex transmission comprises a photonic microring reso-
nator.

12. The apparatus of claim 1, comprising selection cir-
cuitry configured to select which of a plurality of photonic
microring resonators of different resonant frequencies
defines the channel having a complex transmission.

13. The apparatus of claim 1, comprising selection cir-
cuitry configured to select which of a plurality of photonic
microring resonators of different Q-values defines the chan-
nel having a complex transmission.

14. The apparatus of claim 1, wherein the addition circuitry
and the processing circuitry are integrated onto a chip with a
light source, couplers, at least one microring resonator, and
detectors.

15. A method comprising:

receiving a probe signal that has passed through a channel

having a complex transmission;

receiving a reference signal;

combining the probe signal and the reference signal, after

applying a first phase rotation between the probe signal
and the reference signal, to produce a first resultant
signal;

combining the probe signal and the reference signal, after

applying a second phase rotation between the probe
signal and the reference signal, to produce a second
resultant signal;

wherein each combining is of the same probe signal and the

same reference signal, wherein the first phase rotation
and second phase rotation are different, and wherein the
probe signal and the reference signal are contemporane-
ous; and

using at least the first resultant signal and the second result-

ant signal to determine a first quantitative parameter for
the channel dependent upon the complex transmission
for the channel.

16. The method of claim 15, comprising:

providing the received reference signal and the received

probe signal from the same fixed frequency source.

17. The method of claim 15, wherein the first phase rotation
and the second phase rotation are different by m/2.

18. The method of claim 15, comprising:

combining the probe signal and the reference signal, after

applying a third phase rotation between the probe signal
and the reference signal, to produce a third resultant

signal;
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combining the probe signal and the reference signal, after
applying a fourth phase rotation between the probe sig-
nal and the reference signal, to produce a fourth resultant
signal, wherein a difference between the second phase
rotation and the first phase rotation is 7t/2, 5

a difference between the third phase rotation and the first
phase rotation is & and a difference between the fourth
phase rotation and the first phase rotation is 37/2.

19. An apparatus comprising:

addition circuitry configured to receive a probe signal that 10
has passed through a channel having a complex trans-
mission and a reference signal and configured to pro-
duce at least: a plurality of weighted additions compris-
ing an addition of the probe signal and the reference
signal, wherein a differential complex weighting is 15
applied before addition to one of the probe signal and the
reference signal but not to the other of the probe signal
and the reference signal, and wherein each of the plural-
ity of weighted additions uses a different differential
complex weighting of the same probe signal and the 20
same reference signal wherein the probe signal and the
reference signal are contemporaneous; and

processing circuitry configured to use at least two of the
plurality of weighted additions to determine a first quan-
titative parameter for the channel dependent upon the 25
complex transmission for the channel.
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